Abstract Results from five regional climate models (RCMs) participating in the West African Monsoon Modeling and Evaluation (WAMME) initiative are analyzed. The RCMs were driven by boundary conditions from National Center for Environmental Prediction reanalysis II data sets and observed sea-surface temperatures (SST) over four May-October seasons, (2000 and 2003-2005). In addition, the simulations were repeated with two of the RCMs, except that lateral boundary conditions were derived from a continuous global climate model (GCM) simulation forced with observed SST data. RCM and GCM simulations of precipitation, surface air temperature and circulation are compared to each other and to observational evidence. Results demonstrate a range of RCM skill in representing the mean summer climate and the timing of monsoon onset. Four of the five models generate positive precipitation biases and all simulate negative surface air temperature biases over broad areas. RCM spatial patterns of June-September mean precipitation over the Sahel achieve spatial correlations with observational analyses of about 0.90, but within two areas south of 10°N the correlations average only about 0.44. The mean spatial correlation coefficient between RCM and observed surface air temperature over West Africa is 0.88. RCMs show a range of skill in simulating seasonal mean zonal wind and meridional moisture advection and two RCMs overestimate moisture convergence over West Africa. The 0.5°c omputing grid enables three RCMs to detect local minima related to high topography in seasonal mean meridional This paper is a contribution to the special issue on West African Climate, consisting of papers from the African Multidisciplinary Monsoon Analysis (AMMA) and West African Monsoon Modeling and Evaluation (WAMME) projects, and coordinated by Y. Xue and P. M. Ruti.
Introduction
The West African Monsoon Modeling and Evaluation (WAMME) is an international project that investigates WAM/external forcing feedbacks by analyzing simulations of state-of-the-art general circulation models (GCMs) and regional climate models (RCMs). Xue et al. (2009) discuss the WAMME initiative, its approaches to improve WAM simulations, the first phase of WAMME experiments and some preliminary results. This paper provides a more focused evaluation of the WAMME RCM simulations. One objective of WAMME is to evaluate the potential for downscaling seasonal climate forecasts over West Africa. The limited area domains of RCMs allows them to be integrated at high horizontal resolutions that can account for detailed features of terrain and land surface characteristics De Ela et al. 2002; Druyan et al. 2007) , and to resolve the exceptionally strong and dynamically important meridional temperature and moisture gradients that characterize the West African climate in summer (Cook 1999 , Paeth et al. 2005 . At the same time, the increased spatial detail of climate fields simulated with RCMs provides added information on space scales of interest for the users of seasonal predictions. This study evaluates the extent to which this greater spatial detail of RCM fields provides useful climate information.
The quality of climate model simulations depends in large measure on the performance of the models' parameterizations of physical processes. In addition, RCMs are sensitive to the synchronous forcing data used as lateral boundary conditions (LBC). For example, in an application over South America, Rojas and Seth (2003) find that GCM forcing produce excessive Nordeste rainfall in their RCM simulations compared with reanalysis data forcing. They trace the degradation to the poor location of the Atlantic intertropical convergence zone (ITCZ) in the GCM simulation. Messager et al. (2004) report on simulation experiments with the MAR regional atmospheric model at 40 km grid spacing over West Africa, forced by ERA15 reanalysis and SST data for January-October 1983 and 1984 . The simulations realistically model the northward monsoon jump (onset) and demonstrate the influence of sea-surface temperatures on the 1984 minus 1983 precipitation differences over the Sahel. An evaluation of regional climate models' potential for making seasonal forecasts must examine both the skill of the models' configurations as well as the influence of the LBCs. Sylla et al. (2009) force a regional climate model over West Africa with LBCs alternatively from reanalysis and from an atmospheric-ocean GCM. This paper compares the performance of the RCMs with respect to their timing of monsoon precipitation onset, precipitation bias, spatial precipitation and temperature patterns, moisture advection within the monsoon layer, moisture convergence and vertical crosssections of zonal wind. The study considers RCMs forced by LBCs from the National Center for Environmental Prediction (NCEP) reanalysis II in order to evaluate general model performance. These results are subsequently compared with simulations for two of the models forced by GCM LBCs.
Models, data and experiments
Results from five RCMs are described below. All are integrated using a horizontal grid with approximately 0.5°s pacing over the domain 20°S-35°N and 35°W-35°E . Figure 1 shows the domain, the topography on the 0.5°grid and four sub-regions referred to below for verification statistics. The RM3 of the NASA/Goddard Institute for Space Studies and Columbia University has 28 vertical sigma levels and is described by Druyan et al. (2008) . The UK Met Office Hadley Centre RCM is known as Had-RM3P (Jones et al. 2004) . It was developed from HadAM3 (Pope et al. 2000) with further improvements to the physics, with the aim of providing more detailed and more reliable climate change scenarios. It is run on a 0.44°9 0.44°horizontal grid with 19 vertical sigma levels. The MM5 RCM (Grell et al. 1994 ) was developed at the National Center for Atmospheric Research, modified for West African simulation and run at Cornell University with 24 vertical levels (see Vizy and Cook 2002) . The RegCM3 (Afiesimama et al., 2006; Pal et al. 2007 ) was run at the Université Abdou Moumouni (UAM, Niamey, Niger) with 18 vertical levels. Additional perspective was gained by examining results from the RegCM3 run at the University of Cocody (UC, Ivory Coast), with different SST forcing, as explained below. The various moist convection and ground hydrology schemes of the models are identified by Druyan et al. (2008) , Jones et al. (2004) , Grell et al. (1994) and Pal et al. (2007) .
As mentioned above, LBCs for the first round of simulations were taken from the NCEP reanalysis II (Kanamitsu et al. 2002) , except that observed sea-surface temperatures (SSTs) were specified, from HadlSST1 (Rayner et al. 2003) for four models and from the Optimum Interpolated SST (OISST, Reynolds et al. 2002) for the UC RegCM3. Monthly mean SSTs were, in each case, interpolated to daily values using the variance correction method of Taylor et al. (2000) . Four seven-month simulations were begun from NCEP reanalysis II initial conditions on April 1, 2000, 2003, 2004 and 2005 . The SST forcing corresponds to April 1-October 31 of each year. The HadRM3P RCM uses initial soil moisture and soil temperature fields at four vertical levels spun up from a multi-year integration driven by the reanalysis (Moufouma-Okia and Rowell 2009). RM3 and MM5 initialize soil moisture and temperature at three vertical levels from reanalysis data on April 1 of each year, while both RegCM3 models initialize with climatological values consistent with soil type at each of three soil levels. Since surface temperatures are sensitive to surface evaporation, and since local evaporation is one source of moisture for precipitation, one might expect the evolving climate to be sensitive to the specification of initial soil moisture. This issue is not considered in the present study, but experiments with HadRM3P reported elsewhere (Moufouma-Okia and Rowell 2009) did not detect any significant sensitivity to the specification of initial soil moisture.
GCM LBCs for the second set of experiments considered by this paper were generated by the Hadley Centre HadAM3 model (Pope et al. 2000) , run at 2.5°9 3.75°w ith 19 vertical levels. In order to separate the influence of SST from atmospheric forcing, the GCM simulation and the experiments downscaling it also used observed SSTs from HadlSST1 (as if they were ''perfect'' SST forecasts), as in the first set of experiments. The interannual variability of the West African summer monsoon climate is considerably influenced by SST anomalies (Folland et al. 1986; Rowell 2001 Rowell , 2003 Giannini et al. 2003) . Accordingly, GCM simulations forced by realistic SSTs should contain a climate forcing signal for West Africa. The GCM LBC data were provided from one continuous simulation forced with HadlSST1 boundary conditions from 1949 through 2007. For each RCM, four seven-month simulations, begun from GCM initial atmospheric and soil moisture conditions on April 1, used HadlSST1 lower boundary conditions as described above for the first stage experiments. Results of downscaling the GCM simulation are described below for the RM3 and the HadRM3P since second stage experiments were not run with MM5 and RegCM3. Figure 2a and b show the seasonal progression (time vs. latitude) of observed 5-day mean precipitation averaged between 10°W-10°E for June-September, averaged over 2000, 2003, 2004 and 2005 . Figure 2a uses operational rain gauge data (Global Telecommunications System) from NOAA's Climate Prediction Center (CPC) on a 0.5°grid (Xie et al., 2007) , while Fig. 2b shows CPC Merged Analysis of Precipitation (CMAP) data. CMAP pentad means are a blend of observations from rain gauges and precipitation estimates from several infrared and microwave satellite-based algorithms (Huffman et al., 1997) , but they represent the precipitation distribution on a rather coarse 2.5°grid.
Results

Seasonal march of precipitation
The West African monsoon (WAM) is characterized by the advance of precipitation northward to the Sahel region during late June or early July and its southward retreat during September. Precipitation over the Gulf of Guinea coast (about 6°N) typically wanes near the end of June and thereafter reforms over the Sahel closer to 10°N. The initial establishment of the rainfall maximum near 10°N is a northward ''jump'' (Hagos and Cook, 2007; Sultan and Janicot, 2000; Ramel et al., 2006) that is related to increased continental sensible heating which, in turn, initiates a surge in moisture convergence over the Sahel. The discontinuity is related to the development of inertial instability over the Guinean coast region (Hagos and Cook 2007) , and a model must resolve the meridional zonal wind gradients properly to simulate the instability. The ability of RCMs to reproduce the northward migration of the rain belt and its subsequent retreat is fundamentally important to both their usefulness in forecasting and climate sensitivity studies. Skillful simulation of the northward jump is especially desirable since it represents the onset of monsoon rains over the semi-arid Sahel region. Although different dates of the northward jump during each of the 4 years represented in Fig. 2 would detract from a sharp demarcation, the observed 4 year mean clearly shows a rainfall maximum along 5°N until early July when heavier rates begin to appear near 12°N. CPC and CMAP data both show an interruption of heavy precipitation followed by resumption within a broad band 3°N-12°N. For most of July, August and early September, both observational sets show a concentration of precipitation centered near 12°N.
The following discussion refers to four regional model simulations of these four seasons forced by NCEP reanalysis II. Results are not shown for the UAM RegCM3 for which daily fields are not available. All four RCMs overestimate rainfall compared to observations. The RM3 (Fig. 2c) produces the largest exaggerations of peak rainfall and the HadRM3P (Fig. 2d) and RegCM3 (Fig. 2f ) the lowest. The RM3 also sustains exaggerated precipitation rates along the Gulf of Guinea coast (6°N) throughout the summer. MM5 (Fig. 2e) expands the rain band too far north into the Sahara. HadRM3P favors a double ITCZ during June, creating the maximum near 12°N much too early, while simultaneously maintaining a fairly realistic rain band along 5°N. This early onset of Sahel precipitation, accompanied by light rain as far north as 24°N, in HadRM3P and MM5, runs contrary to observational evidence.
Each RCM simulation produces a version of the West African monsoon jump, but with some distortion of structure and/or timing. (The jump is also captured in the RCM study of Hagos and Cook (2007) using the same MM5 RCM, but with the experimental design specifically optimized for West Africa compared to the WAMME protocol utilized here). Variations between the models could relate to their different rates of ground heating, which in turn relates to soil moisture and cloudiness, but this hypothesis has not been tested. Both the RM3 (Fig. 2c ) and the MM5 (Fig. 2e) capture fairly clean jumps, with rainfall along the coast diminishing before the onset in the Sahel, but both are earlier than in the observations (Figs. 2a, b) . RegCM3 (Fig. 2f) simulates a northward jump during the first week in June (not shown), almost a month too early, with another discontinuity in the second half of June that brings high rainfall rates into the Sahel very briefly.
The observations show an equatorward transition of the rainfall maximum in early September, which RM3, MM5, and RegCM3 do capture. The transition in HadRM3P is discontinuous, yielding a double (overlapping) ITCZ not supported by observations. The seasonal migration of the northern boundary of the rain band describes a gentle arc on the time-latitude plot. The sharp gradient of precipitation rates between the Sahel and the Sahara desert advances northward until August when it reverses direction and retreats for the remainder of the summer. The RM3 handles the seasonal march of this gradient realistically. (Fig. 3a) . Four of the five models (HadRM3P, RM3 and both RegCM3) underestimate the orographic rainfall along the southwest Atlantic coast by at least 5 mm day -1 , while MM5 exaggerates the rainfall over part of this coastal region by up to 8 mm day -1 . Only the RM3 overestimates the orographic precipitation over the windward slopes of the Cameroon Highlands, while the other four RCMs produce underestimates. All except the UAM RegCM3 produce positive precipitation biases in a zonal swath across West Africa. The RM3 and MM5 positive biases extend southward to the Gulf of Guinea coast and the MM5 bias also extends northward into the Sahara. The positive precipitation bias of the UC RegCM3 ( Fig. 3e ) may be related to its OISST forcing, since the UAM RegCM3 with HadlSST1 forcing produces near zero bias over most of West Africa (Fig. 3f) . Additional testing of this hypothesis is left for future study. (Fig. 1 ), each with a somewhat different climatic regime. The two areas between 10°N-20°N monitor post-onset precipitation, while those south of 10°N monitor transition regimes. All data are compared on the models' 0.5°grid. Included are the root mean square error (rmse) between each model and the observational data set for all grid elements within each area, the spatial correlation coefficients and the biases of the means in each case.
Each score refers to a different aspect of model performance. The rmse indicates the magnitude of the population of errors. For a normal distribution, two-thirds of the errors fall within ±1 9 rmse. The spatial correlation coefficients measure the congruence of simulated spatial distributions of precipitation with corresponding CPC The scores for the western Sahel (10°N-20°N, 18°W-15°E) are rather encouraging for all five models, although all generate positive biases in the mean precipitation rate. Only the MM5 mean bias exceeds 1.5 mm day -1 . In addition, all five spatial correlation coefficients are near 0.90, indicating that the models capture the orientation of the observed precipitation gradients despite their excessive rates. The RegCM3 of UAM achieves a low bias and low rmse as well.
Spatial correlation coefficients are also quite high over the eastern Sahel (10°N-20°N, 15°E-25°E) and all of the biases for this region are between 0.5 and 2.0 mm day -1 .
The UAM RegCM3 again achieves the lowest rmse and bias, while HadRM3P scores a near perfect spatial correlation against observations. The scores over the Guinean region (5°N-10°N, 10°W-10°E) are intermediary from among the four regions. The rmse ranges from 1.55 to 5.32 mm day -1 , the spatial correlation coefficients vary between 0.36 and 0.66, and the biases between -0.01 and 4.99 mm day -1 . In the best cases, the RegCM3 (UAM) simulated precipitation pattern accounts for only 44% of the spatial variance in the observed data. RM3 and MM5 precipitation means show rather high positive biases compared to observations. The precipitation pattern over the central region (2°N-10°N, 10°E-25°E) is the most challenging to simulate. This region includes an orographic maximum above the Cameroon Highlands. Spatial correlations with observations are among the lowest of all the regions for all four models, ranging from 0.27 to 0.43. All model simulations show a positive bias, although it is near zero for the UAM Reg-CM3 and small for HadRM3P.
In summary, substantial differences between the models' performance within each domain are evident. Those aspects of RCM performance represented by the spatial correlations with observations are better north of 10°N. Note that south of 10°N the monsoon rain band passes twice during June-September and the topography and land surface characteristics there are also more complex. This gives rise to strong spatial heterogeneity of precipitation, in contrast to the strong zonal pattern of precipitation over the Sahel.
Moisture transport and convergence
Some insight into model performance can be gained by examining moisture advection in the lower troposphere. Although this moisture advection is important in regulating precipitation rates, mid-tropospheric moisture divergence is an additional influence (Rowell et al. 1992; Cook 1999) . Figure 4 shows the NCEP reanalysis II and the RCMs' mean 950 mb circulation for June-September 2000 , 2003 , superimposed on meridional moisture advection. White areas in Fig. 4d and f denote high topography for which no extrapolation was made to 950 mb. There is no objective way to determine whether RCM downscaling has produced a more realistic representation of lower tropospheric moisture advection since the NCEP reanalysis II product is also model dependent. However, HadRM3P and both RegCM3 models show a local reduction in the meridional moisture advection in the lee of the Guinean Highlands, which is likely a real feature that reflects their higher resolution of topography compared with NCEP reanalysis II. RM3 reproduces circulation and advection patterns similar to those analyzed in the NCEP reanalysis II data. In particular, the convergence position, demarked by zero meridional moisture advection, is fairly congruent in the two uppermost panels. Note that the positive bias in RM3 precipitation discussed above occurs despite realistic low-level moisture advection, so either excess moisture is converging at other levels, or the modeled moist convection is hyperactive. The other four models bring the northward moisture advection to 20°N and beyond over West Africa, which is certainly too far north for a seasonal mean position. In the case of MM5, this deficiency is consistent with the positive bias of simulated rainfall over the Sahara. The very high MM5 northward moisture transports within the Guinean region and along the southwest coast are also consistent with MM5 positive precipitation bias, and are associated with enhanced low-level cyclonic flow over the eastern North Atlantic centered near 13°N and 28°W. This occurs due to the presence of the western boundary at 35°W, where nudging generates an edge effect that degrades the simulation over West Africa by mid-summer. WAMME's strategy to place the western lateral boundary at 35°W does not yield the optimal MM5 simulation of the summertime northern African climate. In previous studies with the western lateral edge positioned further to the west, MM5 yields a more realistic simulation of the summertime climate (e.g., Vizy and Cook 2002; Cook 2005, 2007; Hagos and Cook 2007; Patricola and Cook 2007) . Figure 5 shows horizontal distributions of precipitation minus evaporation rates (P-E) averaged for June-September 2000 , 2003 , except that JJAS 2000 is not included in ALMIP (AMMA Land-surface Model Intercomparison Project) data ). ALMIP has produced a multi-model climatology of land surface fluxes over West Africa on a 0.5°grid, such as evapotranspiration, using forcing derived from a combination of observations, satellite-based data, and numerical model outputs. ALMIP precipitation estimates for Fig. 5 are based on Tropical Rainfall Measurement Mission (TRMM) satellite observations. ALMIP data are used by Xue et al. (2009) to evaluate the simulated surface components of WAMME models. Patterns of modeled P-E without JJAS 2000 (not shown) were almost identical to the four-season means shown in Fig. 5 , so the following comparison should not be affected by the noninclusion of JJAS 2000 in the ALMIP data set. In general, local precipitation can be partially supplied by evaporation in situ. In a situation where most precipitation can be traced to local evaporation, P-E is small and there is minimal horizontal moisture convergence. Where precipitation exceeds local evaporation, moisture is presumably imported, so a large seasonal P-E equates with strong horizontal moisture convergence. The implied moisture convergence based on ALMIP data in Fig. 5a explains up to 100% of observed precipitation rates (Fig. 3a) over the Cameroon Highlands and within parts of the rain band along 10°N. However, along the windward slopes of the Guinean Highlands, it explains only about 50% of the observed precipitation, implying a bigger role there for local evaporation. P-E for HadRM3P (Fig. 5b) is generally higher than for ALMIP. For example, overestimates over southwest Mali, implying excessive moisture convergence, indeed correspond to positive rainfall biases of 6-8 mm day -1 (Fig. 3b) . On the other hand, realistic P-E over the Cameroon Highlands yields reasonable precipitation rates, except ). a NCEP reanalysis II, b RM3, c HadRM3P, d MM5, e RegCM3 (UC), f RegCM3 (UAM). Models driven by NCEP reanalysis II LBC (white areas denote high topography for which extrapolation to 950 mb was not made) along the immediate coast, where rainfall deficits in Fig. 3b can be traced to weak moisture convergence in Fig. 5b . Along the Guinean coast, some of the HadRM3P precipitation deficit could derive from inhibitions in triggering moist convection since P-E is not underestimated. Fig. 5c to Fig. 3c shows that excessive MM5 precipitation over much of West Africa corresponds to excessive horizontal moisture convergence, indicated by excessive MM5 P-E. Considered together with Fig. 4d , the analysis shows that excessive moisture advection within the monsoon layer results in too much moisture convergence over West Africa, which in turn creates too much rainfall in the MM5 simulations. RegCM3 (UC) P-E (Fig. 5d) resembles the ALMIP distribution, except for underestimates along the Nigeria-Cameroon coast and overestimates over the Central African Republic (8°N, 23°E) . These latter excesses in horizontal moisture convergence correspond to the largest positive RegCM3 precipitation biases evident in Fig. 3d . A second area of excessive rainfall over southwest Niger appears more related to an accelerated hydrological cycle, since P-E there is small. The UAM RegCM3 (Fig. 5e) reproduces a pattern similar to the UC version, but with uniformly lower P-E, consistent with the slightly weaker meridional moisture advection field shown in Fig. 4e . The implied moisture convergence for these simulations is too weak, especially along the Guinea and the Nigerian/Cameroon coasts, leading to large deficits in seasonal precipitation (Fig. 3f) . Elsewhere, weaker moisture convergence explains smaller positive precipitation biases of the UAM version. Evapotranspiration rates for RM3 were unavailable.
Comparison of
3.4 Mean June-September surface air temperature distributions -20°N and 15°W-20°E. In the case of temperature, the simulated pattern over this broad area holds more interest than the verification over the subregions monitored for precipitation rates. All data were compared on the models' 0.5°grid. Table 2 shows the root mean square error (rmse) between each model and the observational data set for all 576 grid elements, the spatial correlation coefficients and the biases of the means in each case. The rmse ranges from 2.36 to 4.10°K, the correlation coefficients between 0.78 and 0.93 and the biases from -1.79 to -3.55°K. In the best case, the HadRM3P simulated temperature pattern accounts for 86% of the spatial variance of observed surface temperature, while it underestimates the observed mean by only 1.79°K. Negative temperature biases for four of the models are consistent with high evaporation rates and cloudiness implied by their positive precipitation biases (Table 1 ). In the case of the UAM RegCM3, negative temperature biases occur despite the more realistic simulation of seasonal precipitation rates. The RM3 registered the poorest scores in all three categories and the HadRM3P achieved the best scores.
3.5 Mean zonal winds Figure 6 shows the four-year mean of the June-September mean zonal winds (u) along a north-south transect for which data have been averaged between 10°W and 10°E. The skill with which the RCMs simulate zonal winds over West Africa reflects a wider scope in their performance because (a) the strength of near-surface monsoon westerlies is tightly coupled with the moisture convergence that supplies summer rainfall, (b) the vertical wind shear in the lower troposphere is a direct consequence of the meridional temperature gradient within the lower troposphere between the monsoon air mass and the desert to the north, and (c) the African Easterly Jet (AEJ) interacts with African easterly waves (AEWs) and transports moisture away from the continent. Figure 6a and b show the AEJ at 600 mb near 13°N from two observational data sets, each depicting a core speed of approximately -11 m s -1 . Near surface monsoon westerlies of less than 5 m s -1 are confined to the layer below 800 mb, and the Tropical Easterly Jet (TEJ) is manifest by a second u minimum at 200 mb centered over 5°N. The RM3 and RegCM3 zonal wind cross-sections (Fig. 6c, f) exhibit fairly realistic features, this despite relatively large RM3 errors in surface air temperature ( Table 2 ). The RM3 simulates the AEJ and TEJ cores' strengths and positions quite well although its TEJ extends too far northward. The RM3, HadRM3P (Fig. 6d) , and RegCM3 (UC) (Fig. 6f) correctly simulate near surface westerlies near 10°N and mid-tropospheric westerlies at 30°N-35°N. On the other hand, Fig. 6e shows that MM5 features unrealistically strong monsoon westerlies within a monsoon layer that is too deep, and easterlies over the Sahara (30°N) that are too strong. One consequence is that MM5's mid-tropospheric easterlies representing the AEJ are displaced some 5°northward and are about 3 m s -1 too weak. These deficiencies of MM5 are associated with edge effects along the western lateral boundary of the domain degrading the simulation, as described above. The Had-RM3P AEJ occurs at the correct latitude and is slightly too strong, but its vertical wind shear is too weak above Statistics are root mean square error (rmse), correlation coefficient and bias (difference between the means) 600 mb, vertically stretching the AEJ core. The RegCM3 AEJ is perhaps 2°too far north, but otherwise quite realistic. HadRM3P, MM5 and RegCM3 simulated TEJ maxima are too strong. Major features of UAM RegCM3 zonal winds (not shown) are much the same as those shown in Fig. 6f . Figure 7 shows the relationship between vertical wind shear (Du) under the AEJ (13°N) versus the meridional gradient of surface air temperature (DTs), both averaged between 10°W and 10°E. DTs is computed as the difference between Ts at 16°N-20°N minus Ts at 6°N-10°N. JJAS means of these values were computed for each season, 2000, 2003-2005 for two observational data sets and for each model simulation. Figure 7a shows, for GFS data and MM5, HadRM3P and RegCM3 simulations, that larger negative Du under the AEJ correspond to greater DTs, although the slope of the relationship for HadRM3P and MM5 seems steeper than for GFS and both RegCM3. The relatively weak Du of MM5 is explained by its weaker DTs in three of the four seasons. The wind shears in the RM3 simulations are quite realistic despite unrealistically small DTs, while reanalysis II data show little interannual variability in DTs (Fig. 7b) , perhaps a consequence of the rather coarse 2.5°grid. Differences between GFS and reanalysis II, both of which are model dependant, reflect an uncertainty in the specification of actual temperature gradients. Wind shear in the RM3 is more consistent with meridional temperature gradients above the surface (not shown). Note that the differences between the models occur despite their sharing common LBC driving data, again emphasizing the consequences of their different parameterizations.
Downscaling Hadley Center GCM simulations
These simulations were conducted with two of the four models described above: RM3 and HadRM3P, driven by LBCs from the HadAM3. Figure 8 shows the June-September 2000, 2003-2005 mean zonal winds averaged between 10°W and 10°E along a north-south transect for the driving GCM (Fig. 8a) and the two models (Fig. 8b, c) . Comparison of Fig. 8a to Fig. 6a and b shows several deficiencies in the GCM's simulation of zonal winds. The near surface monsoon westerlies are too strong and too Fig. 6 Transect of zonal winds for June-September 2000 , 2003 , averaged between 10°W and 10°E. a, b observational data, c-f regional models deep, and they penetrate too far northward. The AEJ core is not well defined and the TEJ is too strong. Downscaling with the RM3 (Fig. 8b) improves the latitude and altitude of the simulated AEJ as well as the latitudinal range of the -5 m s -1 isotach, but it does not capture the observed positive vertical wind shear above the AEJ core. It also weakens the near-surface monsoon layer of westerlies too much. Comparison with Fig. 6c shows that the simulation of zonal winds by the RM3 is somewhat less realistic when using HadAM3 LBCs than with NCEP reanalysis II LBCs. Downscaling with the HadRM3P (Fig. 8c) produces no discernable impact on the cross-section of zonal winds. All major features closely resemble the solution of the driving data, despite the increased horizontal and vertical resolutions of the regional model. Comparison of Figs. 8c and 6d also indicates only minor impact of alternative LBCs on this field. The implication is that the physics of HadAM3 and HadRM3P, which is similar between these two models, favors a single solution for the zonal circulation that is relatively insensitive to LBCs and resolution. Figure 9 compares the RCMs' May-October 2000, 2003-2005 mean precipitation distribution to observations and to the simulation of the GCM that supplies the LBCs. Regional model precipitation rates were generated on grids of 0.5°(RM3) and 0.44°(HadRM3P). CPC observations are gridded at 0.5°, and GCM precipitation was created on the coarser 2.5°9 3.75°grid. HadRM3P and the HadAM3 GCM are based on similar model physics (although with many different parameter settings), but the differences between the RM3 and GCM results are a consequence of structurally different model physics as well as the different resolutions, and the two influences cannot be separated without additional testing. Inevitably, HadAM3 does not resolve topography as well as the regional models, and this may adversely affect the simulation of orographic rainfall, such as over the Guinea and Cameroon Highlands. Moreover, the coarser HadAM3 resolution may compromise the representation of AEWs, which contain embedded mesoscale precipitation structures.
The orographic precipitation maximum over the Guinea Highlands and along the southwest coast of West Africa, shown in Fig. 9a , extends outward over the adjacent Atlantic Ocean where African wave disturbances (AEWs) intensify. The HadAM3 maximum (Fig. 9b) along the Atlantic coast is too narrow and the second orographic maximum over the Cameroon Highlands is completely missed by HadAM3. RM3 (Fig. 9c) underestimates the Atlantic/Guinea Highlands coastal maximum and slightly exaggerates an otherwise realistic Cameroon maximum. HadRM3P has simulated a very realistic precipitation maximum over the Atlantic coastal region, but it misses most of the inland orographic maximum. Its maximum over the Cameroon Highlands is too narrow and altogether missing from the Cameroon Gulf coast. HadRM3P's underestimation of orographic rainfall in these two regions was previously discussed with reference to Fig. 3c , which shows the results of downscaling the reanalysis. This implies a model deficiency rather than the negative influence of unrealistic boundary data. The RM3, however, gave very small precipitation biases over the Guinea Highlands (Fig. 3b) when forced by reanalysis, suggesting that the GCM LBC diminish RM3 precipitation production at the Atlantic coast.
Both RCMs improve on HadAM3 precipitation rates within the West African zonal rainfall maximum, which is about 30% too high in HadAM3. In fact, both the RM3 and HadRM3P, forced by HadAM3, show lower positive precipitation bias than the parallel simulations forced by reanalysis. Observations confirm a rather steep rainfall gradient between the rain belt and the Sahara (Fig. 9a) , with the 2 mm day -1 isohyet running along 14°N-15°N. HadAM3 cannot resolve this gradient (Fig. 9b) and it simulates a more diffuse boundary, with its 2 mm day -1 isohyet reaching as far north as 19°N. Both regional models achieve sharper gradients (Fig. 9c, d) . The RM3 places the gradient along the correct latitudes, while the HadRM3P rain band encroaches northward too far. The HadRM3P precipitation distribution (Fig. 9d) shows high spatial variability, but there is no evidence that any of this detail is real. Figure 10 shows the June-September 2000, 2003-2005 950 mb circulation and 950-mb meridional moisture advection for NCEP reanalysis II, for HadAM3 and for the two RCM simulations driven by HadAM3 LBCs. HadAM3 computes stronger southwesterlies over West Africa than NCEP reanalysis II and its northward moisture advection penetrates much further inland. However, HadAM3 northward moisture advection is reduced over the Gulf of Guinea Fig. 10c are similar to the HadRM3P 950 mb moisture advection and circulation forced by reanalysis (Fig. 4c ), suggesting that model physics and resolution (especially of topography) exert a stronger influence on lower tropospheric moisture advection and circulation than LBC. On the other hand, RM3 results demonstrate a greater sensitivity to LBC. Figure 10d shows weaker circulation and weaker northward moisture advection than Fig. 4b , weaker even than in the HadAM3 driving data (Fig. 10b) . Figure 9c shows that the RM3 positive precipitation bias was lower with HadAM3 LBCs over three of the four sub-regions than for the simulation driven by NCEP reanalysis II LBC. The more realistic precipitation rates may derive from the combination of unrealistically weak meridional moisture advection and overactive moist convection.
Interannual precipitation differences
The most basic challenge for the modeling system in seasonal climate prediction is to correctly forecast spatial patterns of climate anomalies. Since anomalies are departures from climatological means, and this study analyzes only a 4-year sample of simulations, an alternative representation of interannual variability is examined here. Of the four seasons considered in this study, the JJAS 2000 season was the driest over the Sahel, in contrast to rainier conditions during JJAS 2003 and 2005, based on the CPC rain gauge data. Figure 11a along the southwest coast of West Africa, with positive differences of 1-4 mm day -1 over the rest of the Guinea Highlands and within the 12°N rain band.
Can the RCMs capture this interannual signal in precipitation when forced by ''perfectly'' forecast SST anomalies? Do the RCMs improve on the prediction of the GCM driving them? Results here are from single realizations for each season, and must be interpreted with caution since they do not account for the models' internal variability. This question is more acute for the GCM than for the RCMs. Experiments by Druyan et al. (2007) and Vanvyve et al. (2008) show that a given set of LBCs drive a given regional model toward a unique seasonal mean precipitation pattern over West Africa, with negligible sensitivity to initial conditions. On the other hand, the LBCs used to drive the RCMs in the current experiments are taken from a single GCM simulation for each season, and therefore do not include the range of variability that ensembles would provide. Figure 11b shows the HadAM3 GCM predictions of the two difference fields, forced by HadlSST1 lower boundary conditions. While the GCM correctly indicates a narrow swath of positive DPcp05 precipitation differences along 12°N, the DPcp03 result is approximately the inverse of the observed pattern. These discrepancies could arise from chaotic internal atmospheric variations that cannot be captured in the single GCM simulations used here, especially since the GCM has no LBC forcing. Indeed, HadAM3's interannual anomalies are found to be closer to observed when ensemble means are analyzed (ameliorating the impact of internal variability) and statistics are improved with a large sample of years (Rowell et al. 1992; Rowell 2001 Rowell , 2003 . Both the RM3 (Fig. 11c) and HadRM3P (Fig. 11d) improve the GCM prediction for DPcp05 but RM3 fares no better than the GCM in generating the DPcp03 differences. The HadRM3P simulation of the DPcp03 is a marginal improvement over the GCM. Interestingly, the HadRM3P simulations forced by NCEP reanalysis II (Fig. 11f) were not decisively better forecasts of the observed interannual precipitation differences. However, the RM3 simulation forced by the reanalysis (Fig. 11e) did improve on the DPcp03 field from the downscaled forecast in that it reproduced the observed swath of positive differences along 12°N. Perhaps in this case, the more realistic atmospheric boundary conditions of the reanalysis provide some of the necessary forcing to produce the observed DPcp03 differences over West Africa. Figure 12a shows a diagnostic field based on NCEP reanalysis II data that provides some explanation of the positive DPcp05 differences. JJAS 2005 minus JJAS 2000 lower tropospheric vector wind differences are southerly along the entire southwest and southern coast of West Africa. Thus, stronger southerlies in JJAS 2005 produce greater northward transports of water vapor flux that, in turn, enhance JJAS 2005 precipitation rates relative to JJAS 2000. This is quite relevant even though it does not consider possible JJAS 2005 minus 2000 differences in moisture divergence by the AEJ (Rowell et al. 1992; Cook 1999) . None of the models reproduces the differential lower tropospheric circulation or moisture advection field (Fig. 12b-f) , implying that modeled positive DPcp05 differences, where they occur, may not be simulated by the same mechanism identified in the NCEP reanalysis II.
Conclusions
This study explores the potential for downscaling seasonal climate prediction over West Africa, focusing on standardized RCM simulations of the West African summer monsoon climate as part of the WAMME initiative. An intercomparison is made of the results from four RCMs, each driven by synchronous NCEP reanalysis II and C20C SST data over four May-October seasons. The second part of the study analyzes results from two of the RCMs, driven with GCM (HadAM3) forcing and the same SST lower boundary conditions.
All four RCMs simulate the northward jump of the precipitation band that represents monsoon onset over Sahelian Africa. The jumps in three of the four models were 2-5 weeks earlier than observed, suggesting serious model limitations for predicting monsoon onset. All of the RCMs show positive precipitation biases over much of West Africa, consistent with positive precipitation biases within the West African rain belt in NCEP reanalysis II and HadAM3 , the two data sets used for LBC. One RCM generated spurious precipitation for the entire season over parts of the Sahara desert, an apparent consequence of adverse lateral boundary effects. The fivemodel average precipitation bias for June-September mean rates over West Africa (5°N-20°N, 15°W-20°E ) was about 1.7 mm day -1 and the average spatial correlation between modeled and observed mean rainfall rates over the same area was 0.82, which means that the simulated pattern accounts for 67% of the observed spatial variance. Much of that success comes from correctly locating orographic precipitation maxima, the latitude of the main west to east rain band and the transition to the desert regime to the north. RCM performance in simulating the seasonal mean precipitation distribution compared to observations was generally better north of 10°N. Spatial correlation coefficients against the observed pattern are near 0.90 for all RCMs within the Sahel belt centered on 15°N, but are in the range of 0.30-0.65 for more southerly sub-regions. The four-model average surface air temperature bias for JuneSeptember means over West Africa (5°N-20°N, 15°W-20°E) is -2.6°K and the average spatial correlation between modeled and observed mean surface air temperature is 0.88. UAM RegCM3 results incurred the lowest bias and rmse for seasonal mean precipitation and HadRM3P for surface air temperature. While benefits of HadRM3P higher horizontal resolution are as yet undocumented, some favorable simulation features could be a consequence of choices in model physical parameterizations, shared by HadRM3P and HadAM3.
HadRM3P and RegCM3 simulate local minima and maxima in lower tropospheric meridional moisture advection that can be identified with West African topographic features, which are better resolved by the RCMs than by either NCEP reanalysis II or the HadAM3 GCM. MM5 suffers excessive moisture advection in the monsoon layer, leading to overestimates of moisture convergence over West Africa and large precipitation biases. Excessive moisture convergence also explains some of the more modest HadRM3P precipitation excesses. RegCM3 JJAS estimates of moisture convergence over West Africa are mostly consistent with observations, although the RegCM3 forced by OISST develops larger positive precipitation biases than the RegCM3 forced by HadlSST1. The latter eliminates much of the bias by weakening moisture convergence over West Africa.
The GCM simulation and several of the RCM simulations did not show a distinct seasonal mean AEJ core in the zonal wind cross section. The MM5 gave a poor representation of many features of the zonal circulation over the region, including the AEJ, near surface layer of monsoon westerlies and the TEJ. This same model exhibited excessive meridional moisture advection and positive precipitation biases over most of West Africa and the Sahara Desert. The AEJ core is a geostrophic consequence of strong meridional surface temperature gradients supported by the pronounced surface moisture gradients across the Sahel (Cook 1999) . The variation in surface conditions is communicated to the atmosphere when latent heating in the south is replaced by dry convection farther north (Thorncroft and Blackburn 1999). An ill-defined AEJ can therefore be symptomatic of flaws in the juxtaposition of simulated dry and moist convection over West Africa, or in the simulation of surface temperature and moisture fields. Interannual differences in seasonal mean zonal wind shear under the AEJ for four of the five RCMs reflect the corresponding differences in meridional gradient of the seasonal mean surface air temperature.
The difficulties MM5 had in realistically simulating the summertime climate are largely a product of the experimental design choices by WAMME to constrain all of the RCM models to common lateral boundaries. Compelling the western boundary to be located at 35°W resulted in the development of an edge effect in the MM5 simulation over the northern Atlantic Ocean in the vicinity of the ITCZ. Over time, this unrealistic response propagated into the model domain and degraded the model results over West Africa. Other studies using the MM5 RCM (e.g., Vizy and Cook 2002; Cook 2005, 2007; Hagos and Cook 2007; Patricola and Cook 2007) have shown that if the western boundary is extended westward, or if the domain is enlarged, the edge effect disappears from the simulations and a realistic summer climate simulation is achieved. Future RCM comparison projects need to consider allowing greater flexibility to individual RCMs to set the lateral GCM flaws in the mean zonal circulation were slightly improved by downscaling with the RM3, one of two RCMs, although that model produced a more realistic cross section of the main zonal wind features with NCEP reanalysis II forcing. The errors in HadRM3P's simulation of the zonal wind profiles were found to be robust, irrespective of the LBCs, and also close to those of the similar HadAM3 GCM. One can deduce that simulation of the easterly jets in the Hadley Centre models is rather insensitive to horizontal and vertical resolution, and simulation deficiencies are probably related to flaws in the physical parameterizations they share. Nevertheless, HadRM3P and HadAM3 GCM produce distinctly different precipitation fields.
Several spatial features of the GCM seasonal mean precipitation distribution appear to be improved by downscaling, but each RCM also fails to improve on other features. Multi-year seasonal mean precipitation fields are less biased when generated by GCM forcing than by reanalysis forcing. Although it is possible that the GCM LBCs provide some benefits that improve on reanalysis II LBCs, it is perhaps more likely that regional model deficiencies neutralize GCM data deficiencies to produce a more favorable outcome. For example, RM3 zonal wind structure and meridional moisture advection are less realistic with GCM LBCs than with reanalysis II LBCs, even while generating smaller precipitation errors. HadRM3P meridional moisture advection in the lower troposphere is similar for both sets of LBCs.
Systematic model biases can be neutralized by considering interannual differences. Nevertheless, the GCM JJAS 2005 minus 2000 differences in precipitation rates exhibit only some of the observed signal of positive differences over the Sahel, perhaps due to chaotic internal atmospheric fluctuations that cannot be reliably modeled by single realizations. Dynamic downscaling of the GCM results by two of the RCMs appears to noticeably improve the GCM simulation of the relative precipitation anomalies. However, none of the models simulates the observed JJAS 2005 relative excess in northward moisture advection, implying that positive Dpr05 is not consistently simulated by the mechanism identified in the observational analysis. Observed DPcp03 differences are not captured by the GCM or the RCMs, except when reanalysis II is downscaled by the RM3. Overall, the study does not provide strong evidence that single RCM integrations can make skillful seasonal predictions of regional precipitation anomalies, neither by downscaling HadAM3 forecasts, nor by downscaling potentially more skillful forecasts, represented here by NCEP reanalysis II. Further assessments using ensemble data are required.
In the next phase of WAMME, a different design for the RCM intercomparison will be considered. In designing the first phase, the placement of the lateral boundaries and the horizontal resolution for the RCM simulations were specified based on previous investigations using the RM3 model. But RCMs are always sensitive to the placement of these boundaries (Xue et al. 2007) , and moving them farther away from the region of interest can help to improve simulations and minimize adverse boundary effects. A great strength of the RCM approach is to produce a realistic modeled climate through judicious choice of model parameterizations and lateral boundary placement and conditions. As for global models, better results will also require improvements in model physics. Perhaps a better strategy for a model intercomparison study will be to leave the positioning of the boundaries free for selection-similar to the physical parameterizations-and select a common analysis region. Additional testing comparing downscaling results using different sources of data for LBCs, SST and initial soil moisture and temperature will help clarify the relative sensitivity of results to model parameterizations versus initial and driving data. Positive bias in simulated precipitation rates by the RCMs can perhaps be reduced by optimization based on a much longer simulation history than was produced for these WAMME experiments. In addition, a better evaluation of the 'added value' that RCMs can provide at interannual timescales should be made through the use of ensembles of multi-year simulations. These issues will be addressed during the continuation of WAMME.
